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ABSTRACT 
Production and Evaluation of Novel Exogenous Phytase Enzymes Using Several Testing 
Variables 
Ashley M. Evans 
 
Broiler chickens reared in the United States are mainly fed corn-soybean based diets.  
Most of the phosphorus in these diets is bound to a molecule called phytate; this source of 
phosphorus is unavailable to the bird because they lack adequate amount of endogenous phytase 
enzyme.  Since the 1990’s exogenous phytase enzymes have been incorporated in broiler diets to 
liberate the phytate-bound phosphorus.  These enzymes must be able to resist thermal 
denaturation associated with pelleting and maintain high efficacy in the bird. Most of the 
literature focuses on single aspects of phytase efficacy.  More specifically, experiments evaluate 
phytase based on either in vitro retention or in vivo measures, but rarely are both considered 
simultaneously.  Therefore, six experiments were conducted at West Virginia University to 
elucidate variable effects in order to demonstrate how to properly assess the efficacy of microbial 
expressed phytase variants.  The authors believe that several testing experiments are essential to 
properly assess phytase and sequence is important.  The following variables were considered: 1) 
in vivo assays using lead candidates in mash feed; 2) optimization of enzyme production based 
on a specific expression host; 3) in vivo dosing assay using the best enzyme/host combination; 4) 
in vivo assay using incrementally increased pelleting temperatures.  In vitro activity was 
determined for each experiment and in vitro retention using increasing pelleting temperatures 
was determined for experiments 1 and 2.  All experiments utilized Cobb 500 broiler chickens and 
included a standard curve, generated by feeding incrementally increased non-phytate phosphorus 
(nPP) via inorganic phosphorus.  Linear and quadratic regressions of the standard curve were 
tested to determine nPP sparing effects.  Four experimental phytases were determined from in 
vitro activity; two of the four enzymes were chosen after the in vivo assay using mash feed.  
These two enzymes were expressed in yeast and bacterial hosts.  The best enzyme/host 
combination was chosen for in vivo testing at various doses.  Finally the enzyme/host 
combination at an appropriate dose was pelleted at incremental temperatures for in vivo testing.  
The best enzyme expressed in the yeast host at 750 FTU/kg was found to perform similar to a 
positive control diet.  However, conditioning temperature during pelleting decreased 










 I would first like to thank my advisor and friend, Dr. Joseph Moritz for his guidance and 
support.  I am deeply honored he has allowed me the opportunity to work within his lab.  The 
people and connections I have been able to make will take my career to heights I never imagined, 
and for that I am eternally grateful.  Next, I would like to thank my committee members, Dr. 
Janet Tou and Dr. Marlon Knights for their continued support throughout my research.  I would 
also like to thank all WVU staff and faculty for all the help they have provided me.  Research is 
a labor intensive job; therefore, I would like to extend my sincerest gratitude towards my fellow 
lab mates, both past and present, for all of their support and hard work throughout this journey: 
Kelley Wamsley, Kevin Shipe, Brittany Swiger, Laurel Shires, and Angela Lamp. Without their 
help, none of this would be possible. Lastly, I would like to thank my family: my parents Robbie 
and Sue, my grandmothers Mernie and Nina, my uncles Charles and Chester, and my boyfriend 
Willy.  Without their support, patience, and constant motivation, I would have never made it to 










TABLE OF CONTENTS 
 
ABSTRACT ...................................................................................................................................................... ii 
AKNOWLEDGEMENTS .................................................................................................................................. iii 
TABLE OF CONTENTS .................................................................................................................................... iv 
LIST OF TABLES ............................................................................................................................................. vi 
LIST OF FIGURES ....................................................................................................................................... vii 
KEY .............................................................................................................................................................. vii 
CHAPTER 1: LITERATURE REVIEW ................................................................................................................. 1 
I. United States Poultry Production ................................................................................................. 1 
West Virginia Poultry Production ...................................................................................................... 1 
II. Diet Formulation ........................................................................................................................... 2 
III. Phosphorus ............................................................................................................................... 3 
IV. Phytase ...................................................................................................................................... 3 
        Thermostability of Phytase ................................................................................................................ 5 
V. Phosphorus and environmental implications ............................................................................... 6 
References .................................................................................................................................................... 8 
Chapter 2: Production and Evaluation of Novel Exogenous Phytase Enzymes ..................................... 13 
Using Several Testing Variables ............................................................................................................. 13 
SUMMARY ................................................................................................................................................... 14 
DESCRIPTION OF PROBLEM ........................................................................................................................ 14 
MATERIALS AND METHODS ........................................................................................................................ 16 
Experiment 1: in vivo assays using lead candidates in mash feed .......................................................... 16 
Experiment 2: Optimization of enzyme production based on a specific expression host ...................... 20 
Experiment 3: in vivo dosing assay using the best enzyme/host combination ...................................... 21 
v 
 
Experiment 4: in vivo assay using incrementally increased pelleting temperatures.............................. 21 
RESULTS AND DISCUSSION.......................................................................................................................... 21 
Experiment 1: in vivo assays using lead candidates in mash feed .......................................................... 21 
Experiment 2: Optimization of enzyme production based on a specific expression host ...................... 23 
Experiment 3: in vivo dosing assay using the best enzyme/host combination ...................................... 25 
Experiment 4: in vivo assay using incrementally increased pelleting temperatures.............................. 26 
CONCLUSIONS AND APPLICATIONS ............................................................................................................ 28 
REFERENCES AND NOTES ............................................................................................................................ 28 
Table 1. Diet formulations for positive and negative control diets ............................................................ 32 
Table 2. Phytase activity for Experiments 1, 2, 31 using the AOAC 2000.12 method ................................. 33 
Table 3. Phytase activity1 and retention for Experiment 4: in vivo assay using increasing pelleting 
temperature. ............................................................................................................................................... 34 
Table 4. Experiment 1: The effect of four lead candidate phytase enzymes utilized in mash feed on live 
bird performance ........................................................................................................................................ 35 
Table 5. Experiment 1: in vivo assay utilizing mash feed.  Sparing effects calculated from the standard 
quadratic regression using tricalcium phosphate. ...................................................................................... 36 
Table 6. Experiment 2: The effect of optimized enzyme production based on specific expression host on 
live bird performance ................................................................................................................................. 37 
Table 7. Experiment 2: Optimized phytase production based on specific expression host. Sparing effects 
calculated from the standard linear and quadratic regression using tricalcium phosphate. ..................... 38 
Table 8. Experiment 3: The effect of enzyme dosing levels on the best phytase enzyme/host combination 
measured through live bird performance................................................................................................... 39 
Table 9.  Experiment 3: in vivo dosing assay using the best enzyme/host combination chosen from 
Experiment 3. Sparing Effects calculated from standard curve quadratic regression using tricalcium 
phosphate. .................................................................................................................................................. 40 
Table 10. Experiment 4: The effect of phytase enzymes in pelleted feed on live bird performance ......... 41 
Table 11. Experiment 4: in vivo assay using increasing pelleting temperature.  Sparing Effects calculated 
from standard curve quadratic regression using tricalcium phosphate. .................................................... 42 
vi 
 
Figure 1. In vitro phytase retention of pellets conditioned at 75, 80, 85, 88, 90, 93°C containing enzymes 
A – D (utilized in Experiment 1) using the AOAC 2000.12 method ............................................................. 43 
Figure 2. In vitro phytase retention of pellets conditioned at 75, 80, 85, 88, 90, 93°C containing enzymes 
B, C, B1, C1 (utilized in Experiment 2) using the AOAC 2000.12 method ................................................... 44 
CIRRICULUM VITAE ..................................................................................................................................... 45 
 
LIST OF TABLES 
 
Table 1. Diet formulations for positive and negative control diets ............................................................ 32 
Table 2. Phytase activity for Experiments 1, 2, 31 using the AOAC 2000.12 method ................................. 33 
Table 3. Phytase activity1 and retention for Experiment 4: in vivo assay using increasing pelleting 
temperature. ............................................................................................................................................... 34 
Table 4. Experiment 1: The effect of four lead candidate phytase enzymes utilized in mash feed on live 
bird performance ........................................................................................................................................ 35 
Table 5. Experiment 1: in vivo assay utilizing mash feed.  Sparing effects calculated from the standard 
quadratic regression using tricalcium phosphate. ...................................................................................... 36 
Table 6. Experiment 2: The effect of optimized enzyme production based on specific expression host on 
live bird performance ................................................................................................................................. 37 
Table 7. Experiment 2: Optimized phytase production based on specific expression host. Sparing effects 
calculated from the standard linear and quadratic regression using tricalcium phosphate. ..................... 38 
Table 8. Experiment 3: The effect of enzyme dosing levels on the best phytase enzyme/host combination 
measured through live bird performance................................................................................................... 39 
Table 9.  Experiment 3: in vivo dosing assay using the best enzyme/host combination chosen from 
Experiment 3. Sparing Effects calculated from standard curve quadratic regression using tricalcium 
phosphate. .................................................................................................................................................. 40 
Table 10. Experiment 4: The effect of phytase enzymes in pelleted feed on live bird performance ......... 41 
Table 11. Experiment 4: in vivo assay using increasing pelleting temperature.  Sparing Effects calculated 




LIST OF FIGURES 
 
Figure 1. In vitro phytase retention of pellets conditioned at 75, 80, 85, 88, 90, 93°C containing enzymes 
A – D (utilized in Experiment 1) using the AOAC 2000.12 method ............................................................. 43 
Figure 2. In vitro phytase retention of pellets conditioned at 75, 80, 85, 88, 90, 93°C containing enzymes 





1. Phosphorus – P 
2. Adenosine triphosphate – ATP 
3. Deoxyribonucleic acid – DNA 
4. Ribonucleic acid – RNA 
5. Available phosphorus – aP 
6. Inositol hexakisphosophate – IP6 
7. Non-phytate phosphorus – nPP 
8. United States Environmental Protection Agency – USEPA 
9. Total maximum daily load – TMDL 
10. Concentrated animal feeding operation – CAFO 
11. Best management practice - BMP 
 
Chapter 2 
1. Negative control – NC 
2. Positive control – PC 
3. Non-phytate phosphorus - nPP 
4. Live weight gain – LWG 
5. Feed conversion ratio – FCR 
6. Feed intake – FI 
7. Tibia ash percent – TA% 











CHAPTER 1: LITERATURE REVIEW 
 
I. United States Poultry Production 
The United States is the largest producer of poultry in the world and the second largest 
egg producer.  In 2010, the value of production from all poultry products (broilers, eggs, turkeys, 
chickens) was $34,657,313.  From this, $23,696,132 was specifically broiler production.  These 
values are 10 percent higher as compared to 2009, with $31,627,349 for total production and 
$23,696,132 for broilers [1].  
The United States commercial poultry industry is vertically integrated, allowing for 
product quality control throughout an entire grow-out and processing period.  The integrator will 
own the feed mill, hatchery, breeder flock, and processing plant(s) in a particular area.  They are 
responsible for supplying the grower with the chicks, feed, supervision, the transportation of both 
the chicks and feed, and the processing of the final product.  The grower will be under a contract 
with the integrator and will be responsible for daily labor (management, etc.), facilities (house, 
etc.), and any energy costs (electric, gas).  At the end of a grow-out, typically 38 to 42 days, the 
birds are caught and loaded onto trucks, hauled to a processing plant and weighed.  The grower 
is paid by pound of live weight (approximately $0.05/lb.) and due to the short grow-out period 
(approximately 6 weeks), can have up to seven flocks of birds per year. 
 
West Virginia Poultry Production 
 Poultry is West Virginia’s number one agricultural commodity.  In fact, the state is 
ranked 15
th
 in the country for broiler production.  From December 1, 2009 to November 30, 
2010, 87.6 million broilers were produced in West Virginia.  This resulted in 346 million pounds 
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of chicken, valued at $167 million [1].  The majority of this poultry is raised in five counties 
located in the Eastern Panhandle: Hardy, Grant, Hampshire, Mineral, and Pendleton.  Most of 
this product is processed in Moorefield, WV, where 2 million birds are processed each week.  
Pilgrim’s Pride is the main integrator in West Virginia and is the largest producer in the country.  
 
II. Diet Formulation 
Feed and feed manufacture comprise approximately 70 – 75% of total production cost 
and diet formulation is one of the most important factors affecting this cost, and subsequently 
bird performance.  Most nutritionists formulate diets to be least cost while still fulfilling the 
animal’s nutritional requirements.  To formulate diets, the use of by-products is necessary; 
however, these by-products can affect pellet quality.  Pellet quality is defined as the ability of a 
feed pellet to maintain its structural integrity from the feed mill to the feed pan [2].  Several 
techniques can be employed to increase pellet quality.  Increasing conditioning temperature 
increases moisture and heat within the feed, thus improving pellet quality [3].   
Recently corn prices in the United States have risen drastically primarily due to ethanol 
production.  Fat prices have also begun to increase.  Current industry practice is to use a low 
inclusion of fat to keep diet costs low and apply as little fat as possible at the mixer to improve 
pellet quality [4].  However, research has shown that low mixer-added fat can be harmful to 
certain heat sensitive nutrients and mixer-added exogenous enzymes [4, 5, 6].  High mixer-added 
fat inclusion has shown to improve enzyme efficacy by coating the feed particles [7] and 




III. Phosphorus  
Phosphorus (P) is a mineral nutrient required by all life forms.  It plays a critical role in 
cellular metabolism, part of the energy currency of cells, cellular regulatory mechanisms, and in 
bone [9].  P is a component of adenosine triphosphate (ATP), deoxyribonucleic acid (DNA), 
ribonucleic acid (RNA), and phospholipids found in cell membranes.   Bone is the largest storage 
form of P, accounting for 85% of the body’s total P [9].  It is especially important to broiler 
chicks that grow from 50 grams to approximately 2.5 kg in only 42 days.  Therefore, it is vital 
that broilers have strong skeletal systems to support their large body mass and meat production.  
Phosphorus can be obtained from several sources in a diet.  Some ingredients (i.e. corn 
and soybean) contain minute amounts of P and approximately 2/3 of this P is in the phytate form, 
making it unavailable for non-ruminants [10].  The largest quantity of available phosphorus (aP) 
is obtained from inorganic feed phosphates, derived from rock phosphates.  While these sources 
supply the animal with aP, they are expensive and non-renewable [11].  There are various names 
for both phytate and non-phytate phosphorus and depends on what form the molecule is found in.  
Phytic acid or inositol hexakisphosphate (IP6) is a phosphorylated cyclic sugar alcohol.  In salt 
or anion form, it is referred to as phytate.  In mature seeds, phytate is present as a complex salt of 
calcium, magnesium, and potassium, and can sometimes also be bound to proteins and starches.  
This chelated molecule is known as phytin and is commonly referred to as non-phytate 
phosphorus (nPP) [12]. 
 
IV. Phytase 
Phytases are phosphatase enzymes able to catalyze the hydrolysis of phosphate ester 
bonds.  Phytases are most commonly found in plants and can be produced by various bacteria, 
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including micro flora found in the GI tract [13].  However, poultry and other monogastrics 
produce minimal endogenous phytase [14].  Therefore, since the early 1990’s the commercial 
poultry industry has been incorporating exogenous phytase to feed in order to significantly 
increase phosphorus availability and utilization [15, 16], as well as decrease environmental 
impact [17].  Phytase enzymes can be expressed from different types of organisms and the host 
organism can dramatically affect how the enzyme performs in vivo.  The first commercially 
available phytase, developed in the 1990’s, was derived from Aspergillus niger.  Currently, 
phytase products include those expressed from a variety of fungal, bacterial, yeast, and plant 
sources [18].  Cultures of Escherichia coli are often used to produce phytase because it can 
produce the enzyme quickly and in high volume compared to other sources [19].  
Two classes of phytase enzymes exist; 1) a 3-phytase; and 2) a 6-phytase which cause 
dephosphorylation of the IP6 molecule at either the 3 or 6 position on the inositol ring, 
respectively.  Generally, plants produce 6-phytase and microorganisms produce 3-phytase [20, 
21]; however, researchers have reported 6-phytase activity in Escherichia coli [22] and 3-phytase 
activity in soybeans [23].  In vitro and in vivo studies have demonstrated differences in 
biochemical properties and efficacy between phytase sources [24, 25].  This may be related to 
their optimum pH and stereospecificity of phytate hydrolysis (3- or 6-phytase).  The pH optimum 
for phytase activity for A. niger is bimodal (pH 2.5 and 5.5), whereas it occurs at pH 4.0 to 4.5 
for Peniophora lycii and pH 2.5 to 3.5 for E. coli derived phytase [26].  A. niger phytase is a 3-
phytase, whereas P. lycii and E. coli-derived phytases are 6-phytases [27, 28].  
The host organism also affects the site of phytase activity; it is likely that phytate 
hydrolysis takes place in the fore-stomach of poultry i.e. crop, proventriculus, and gizzard.  The 
crop is most likely the primary site of phytate degradation by exogenous phytase [29, 30, 31].  
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However, there is evidence to suggest that E. coli-derived phytases are more active in the small 
intestine than phytases derived from P. lycii [32].  This may be attributed to the greater resistance 
of E. coli-derived phytases to endogenous, proteolytic enzymes [33].   
 
Thermostability of Phytase 
The structure of phytase is important to its function; it can be altered by heat, pH, and some 
organic solvents which can decrease or deplete an enzyme’s activity [34].  Most poultry feed in 
the United States is pelleted, requiring it to be subjected to increased pressure, moisture, and 
temperature.  A study conducted by Kirkpinar and others demonstrated denaturation of phytase 
preparations after steam conditioning at 60°C [35] while Hughes reported decreased phytase 
activity at 75°C [36].   
Phytase enzymes have an optimal temperature range from 45 – 77°C, depending upon 
source.  A phytase originating from Aspergillius niger is described as having activity at 
temperatures between 25 – 65°C, with 55°C being the optimum [37].  Wyss and others studied 
the denaturation of two phytase isolates, one derived from A. fumigatus and one derived from A. 
niger; both enzymes were found to denature at 55°C.  An interesting result seen was after 
submitting the isolates to a temperature of 90°C, the phytase derived from A. fumigatus refolded 
into its active conformation while the phytase derived from A. niger did not [38].  Other research 
demonstrated that steam conditioning feed at temperatures of 78 – 81°C did not lower enzyme 
activity, but enzyme activity decreased at 84 – 87°C [39].  Gibson showed that two of three 
phytase preparations suffered inactivation after being exposed to temperatures of 65 – 95°C; 
however, only one commercially available enzyme retained the majority of its activity when 
pelleted at 85°C and above [40].  Pasamontes and coauthors reported a heat-stable phytase able 
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to withstand pelleting temperatures up to 100°C over a period of 20 minutes, with a loss of only 
10% of the initial enzyme activity [41]. 
Most past research has viewed in vitro and in vivo phytase efficacy as separate experiments.  
This demonstrates great inconsistency among phytase enzymes.  Most of the aforementioned 
research only looked at heat stability in vitro, while more recent research has shown that high 
enzyme efficacy in vitro does not necessarily correlate to bird performance [42].  One study 
reported improved FCR and tibia ash percentage by phytase supplementation; however, in vitro 
enzyme activity was not considered [43].  Pasamontes and others reported a heat-stable phytase 
that could withstand pelleting temperatures of 100°C, however, the authors did not measure 
subsequent bird performance [41]. 
 
V. Phosphorus and environmental implications 
Another reason the poultry industry has embraced phytase enzymes is due to environmental 
regulations; one such local example is the Chesapeake Bay Watershed, consisting of 64,000 
square miles in parts of six different states: New York, Pennsylvania, Virginia, Maryland, West 
Virginia, and Delaware [44].  Over the past several years, nutrients such as nitrogen and 
phosphorus have accumulated in the Chesapeake Bay; these nutrients come from many sources, 
however, agricultural practices have been pinpointed as the main cause of pollution, specifically 
poultry.  Over-enrichment of a body of water caused by these nutrients can lead to eutrophication 
which is defined as the accumulation of organic matter [45].  Eutrophication can lead to algal 
blooms and the depletion of available oxygen levels in the water.  This process results in an 
unbalanced system resulting in the death of many organisms, including fish and plant life.   
Eutrophication has been identified as the main problem of surface waters [46].  With the increase 
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in both the concentration of poultry production and operation size in many regions of the United 
States, has led to an increase in manure application to the land.  This application of manure has 
resulted in more P being added than crops require, an accumulation of P, and an increased 
potential in P surface runoff [47].  P inputs in a body of water can increase the potential for 
eutrophication [48, 49].   
To combat the over-enrichment of the Chesapeake Bay, the United States Environmental 
Protection Agency (USEPA) has established Total Maximum Daily Load (TMDL) for 
waterways, setting maximum limits of nitrogen and phosphorus that the body of water can 
receive.  For the Chesapeake Bay to meet the requirements set in the Clean Water Act, the 
TMDL limits the amount of P influx to 12.5 million lbs per year. This would eventually result in 
a 24% reduction of P in the bay, thus decreasing eutrophication [50]. 
Due to agriculture operations being pinpointed as the main pollution source, the USEPA has 
also defined a concentrated animal feeding operation or CAFO.  The definition of a CAFO is any 
feeding operation that confines a set number of animals for 45 days or more in a 12 month 
period.  A poultry facility is considered a CAFO if it confines 30,000 or more broiler or at least 
55,000 turkeys [51].  If a facility is determined to be a CAFO, a voluntary or incentive-based 
best management practice (BMP) may be implemented.  BMPs consist of three parts; 1) soil 
information for a particular area is collected; 2) the crop potential and amount of nutrients 
required to reach that potential is determined; 3) manure application rate is recommended for the 
area or field [52].  BMPs are devised to help reduce eutrophication in the Chesapeake Bay.  
Adding phytases to poultry diets has shown many positive effects including: decreasing diet 
costs, increasing performance, and decreasing environmental impact.  However, many 
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researchers do not consider in vitro and in vivo experiments combined to obtain data that 
accurately assess exogenous enzyme potential.  
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 Most commercial broilers are fed pelleted diets containing exogenous phytase.   
This enzyme is used to decrease diet costs, increase performance, and reduce environmental 
impact. Technology exists to prevent denaturation of phytase during pelleting, however, the 
potential remains for the enzyme to lose efficacy in liberating phytate bound phosphorus.  
Combining this technology with proper testing methodologies creates superior phytase molecules 
for further field testing.  Several testing experiments are essential to properly assess exogenous 
phytases and their sequence is important: : 1) in vivo assay using lead candidates in mash feed; 
2) optimization of enzyme production based on a specific expression host; 3) in vivo dosing 
assay using the best enzyme/host combination; 4) in vivo assay using incrementally increased 
pelleting temperatures.  In vitro activity was determined for each experiment Four candidates (A 
– D) were chosen for testing in experiment 1.  An optimal expression host was then determined 
(B1).  Dosing demonstrated that B1 performed best at 1,000 FTU/kg, with no statistical 
difference between positive control or 750 FTU/kg.  The 750 FTU/kg does was chosen to 
determine pelleting retention due to potential for increased sensitivity.  Pelleting decreased 
performance when compared to mash with enzyme activity at similar levels.  Pelleting at 75°C 
demonstrated nPP sparing 0.05 – 0.16% and decreased as conditioning temperature increased.  
Further production modifications are necessary to maximize this enzymes thermal stability prior 
to field testing.   
DESCRIPTION OF PROBLEM 
Most commercially raised broilers consume a corn-soybean based diet.  The majority of 
the phosphorus in these grains is in the form of phytate bound phosphorus, which is unavailable 
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to the bird.  Phytase enzymes can be incorporated into diets in order to hydrolyze phytate bound 
phosphorus into bioavailable phosphorus that can be utilized by the bird.   
Commercially reared broilers are exclusively fed pelleted diets and the benefits of 
pelleting have been reported by multiple studies and include: increased intake [1], productive 
energy [2], and feed flow [1], as well as decreased feed wastage and ingredient segregation [2].  
Pelleting requires feed to be exposed to conditions of high temperature, pressure, and moisture.  
These factors increase pellet quality by starch gelatinization [3, 4, 5] and protein denaturation 
and gelation [6, 7].   Liquid phytases can be added post-pellet; however, this type of application 
has been associated with decreased pellet quality due to the blend lines associated with 
application [8].  Furthermore, if liquid application provides phytase in only the outer layers of 
the pellet, then attrition associated with feed conveyance may reduce uniformity of phytase 
delivered throughout a poultry barn.  Mixer-added phytases alleviate the issues associated with 
liquid phytases; however, thermostability becomes a concern, because phytases are proteins and 
proteins can denature during pelleting.  Therefore, phytase enzymes added at the mixer must be 
able to withstand conditions associated with the pelleting process.  
Multiple studies have shown that phytase enzymes lose activity at temperatures as low as 
60
o
C [9, 10] as determined using mild pelleting conditions and in vitro analysis.  However, there 
are no standard conditions in feed manufacture.  Variations in equipment, ingredients, ambient 
temperature, and manufacturing goals among commercial feed mills require more versatility 
from a mixer-added phytase.  Therefore, biotechnology companies have attempted to produce 
phytases that are naturally heat stable and/or genetically modified to improve thermal stability 
[11].  It is important to determine phytase retained activity under the conditions of pelleting 
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because these diets are fed to commercial broilers and if the enzyme cannot survive the pelleting 
process, then nutritional and environmental benefits cannot be realized.  
   The objective of the current study was to utilize several experiments in order to 
properly assess the efficacy of microbial expressed phytase variants to be added at the mixer 
using an all variable inclusive approach.  
MATERIALS AND METHODS  
Experiment 1: in vivo assays using lead candidates in mash feed 
in vivo assay - diet preparation 
Four enzyme variants (A, B, C, D), expressed in a yeast host were mixed into mash diets 
to test their efficacy in vivo.  In addition, diets without phytase containing incrementally 
increasing amounts of inorganic phosphorus were used to provide standards for comparison.  
These standard diets consisted of a negative control (NC) formulated for 0.25% non-phytate 
phosphorus (nPP), a positive control (PC) formulated for 0.45% nPP, a 3:1 ratio of PC: NC, and 
a 1:3 ratio of PC:NC (Table 1).  The standard diets were included so that P sparing of the 
phytases could be determined.  The 4 different enzyme variants were added to separate NC diets, 
creating 4 dietary treatments (NC+A, NC+B, NC+C, NC+D).    Dietary nPP levels were 
calculated using ingredient estimates of P availability.  Diet formulations for PC and NC were 
kept as similar as possible with respect to ingredient inclusion (Table 1).  In addition, values for 
ME, TSAA, lysine, and calcium were held constant.  Soybean oil was included at 3% and added 
at the mixer to aid in enzyme retained activity [12].  The primary difference between PC and NC 
was nPP level (0.45 and 0.25%, respectively; Table 1).   
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 All feed was manufactured at West Virginia University’s pilot feed mill. A 930 kg 
allotment of feed was batched in accordance to the NC.  An additional 386 kg allotment of feed 
was batched in accordance to the PC.  All batches were mixed for ten minutes with dry 
ingredients, and an additional ten minutes post soybean oil addition using a single screw vertical 
mixer [13].  Both NC and PC batches were divided into 136 kg allotments.  Appropriate 
exogenous enzyme variants were introduced into 4.5 kg of mash at a concentration to provide 
500 FTU/kg (a common commercial phytase inclusion [16, 17]) and mixed for 10 minutes using 
a small paddle mixer [14].  The small batch was then introduced back to the designated 136 kg 
batch and mixed an additional ten minutes [13].  A 300 gram sample was analyzed for crude 
protein, calcium, total P, phytic acid, and phytase activity at a commercial laboratory [15].  The 
nPP values were calculated for all diets using the following equation: total P of feed – (0.282 X 
phytic acid of feed) [18]. 
 In vitro activity and retention were determined using the Association of Official 
Agricultural Chemists (AOAC) 2000.12 method.  This procedure is a colorimetric enzymatic 
method that is widely applied to commercially available and experimental phytases.  The 
principle of this method is to incubate a sample containing phytase with sodium phytate at 37°C 
and pH 5.5.  This step liberates inorganic phosphate.  Incubation is stopped by adding acid 
molybdate-vanadate reagent, which produces a yellow color (yellow vanadomolybdophosphor 
complex), an indicator of liberated phosphate [19].  The enzyme activity is expressed in activity 
units (FTU), where one FTU is equivalent to the amount of enzyme that liberates 1 µmol of 




Live Bird Performance 
A total of 540 1-d old male Cobb 500 [21] broiler chicks were obtained from a 
commercial hatchery [22].  For the first three days of life chicks were fed the NC diet as a pretest 
in a floor pen setting.  On d 3, all chicks were individually weighed and allotted into 8 weigh 
groups.  One bird from each group was placed in each 64 raised wire battery cages to create the 
experimental unit.  Each of the dietary treatments were randomly assigned to pens blocked by 
location, creating a randomized complete block design.  Feed and water were provided for ad 
libitum consumption.  Measured variables for the d3 – 21 experimental period included: feed 
intake (FI), live weight gain (LWG), and feed conversion ratio (FCR), corrected for mortality 
weight. On d 21, birds were weighed by pen and killed via cervical dislocation and the left tibiae 
were extracted in order to determine bone mineralization.  
in vitro retention assay – diet preparation 
As stated previously, mixer-added phytase enzymes must be heat stable to survive the pelleting 
process; therefore, in vitro activity was determined for enzymes of Experiment 1 before and after 
pelleting.  All feed was manufactured at West Virginia University’s pilot feed mill.  Three 725.9 
kg allotments of the NC diet (Table 1) were mixed for ten minutes dry, and an additional ten 
minutes post soybean oil addition using a single screw vertical mixer [13].  Each NC batch of 
725.9 kg was then split into four allotments.  Allotments from each batch were combined to 
create nutritionally uniform diets to be pelleted.  Prior to pelleting, 4.5 kg of mash were 
premixed with the appropriate exogenous enzyme variant at a concentration such that would 
provide 500 FTU/kg and mixed for 10 minutes in a small paddle mixer.  The 4.5 kg allotment 
was then placed back into the designated batch and mixed an additional twenty minutes prior to 
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pelleting.  All treatments were passed through a 1.3 m (4.26 ft) long conditioner with a diameter 
of 0.31 m (1.02 ft) and 10 sec retention time [23].  Treatments were steam conditioned in a 
sequential manner, ie. 75, 80, 85, 88, 90, 93°C.  Pellets were formed using a 40-horsepower 
California Pellet Mill [24] equipped with a 38mm x 4.8mm (1.49 x 0.19in) pellet die.  The 
pellets were cooled with ambient air utilizing a horizontal belt cooler [25]. Once conditioning 
temperature reached a steady state during pelleting, mash samples were taken from the feed 
screw auger that conveyed feed into the conditioner and corresponding pellet samples were taken 
from the cooler discharge.  These samples were then analyzed for crude protein, calcium, total P, 
phytic acid, and phytase activity at a commercial laboratory [12]. 
 
Statistical analysis 
 Data was analyzed using one-way analysis of variance (ANOVA) using SAS software 
[26].  Significant differences were determined based on α ≤ 0.05.  Means were separated using 
Fisher’s least significant difference test and letter superscripts were used to denote differences 
among treatment means.  Variables measured included: LWG, FI, FCR, mortality percentage, 
TA%, and TA mg/chick.  Linear and quadratic regressions were performed on standard diets, to 
determine the P sparing of the phytases, if the ANOVA indicated significant differences. Linear 
regression was determined by plotting the means of the standard diets and using the equation:  
y = m(x) + b. 
The y-term is the mean of the enzyme treatment, the m-term is the slope of the line, the x-term is 
the variable being calculated, and the b-term is the y-intercept of the line.  When x is determined, 
the nPP value of the NC can be subtracted to provide and indication of the amount of nPP spared 
by use of the enzyme treatment.   
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 Quadratic regression was determined by using the equation:  
y = a(x
2
) + b(x) + c. 
The equation is set equal to zero, and is solved for x.  By doing this, the equation becomes: 
  
   √      
  
 
When the equation is solved, two values of x emerge.  To determine the appropriate x value for 
further calculations,  the vertex of the curve was calculated and the x lying to the left of the 
vertex was selected.  This x value should lie within the range of nPP evaluated with the standard 
diets, making it most relevant.  The P sparing was calculated similar to the linear regression, 
where the nPP value of the NC is subtracted from the x value. The linear regression P sparing 
was only included if the quadratic regression was not found to be significant.   
Experiment 2: Optimization of enzyme production based on a specific expression host 
Successful candidates from Experiment 1, defined by superior performance and tibia 
measures, (enzymes B and C) were selected for testing in a bacterial expression host.  These 
treatments were defined as NC+B1 and NC+C1.  In addition, these same enzymes expressed in 
yeast were again evaluated (B and C).  An expression host is the organism that produces the 
phytase enzyme [27].  The enzyme can be expressed directly from the organism, or the genetic 
code that encodes for phytase can be spliced from one organism, typically a yeast, and placed 
into another organism, typically E. coli, that will express the enzyme [28].    This is done because 
E. coli can be grown very quickly and expresses high amounts of phytase [29].  The entire 
organism can be added to a broiler diet, or the protein can be extracted and added to the diet [30]. 
For these experiments, the extracted protein was used.  For Experiment 2, the in vivo and in vitro 
feed manufacture and live bird performance was conducted similarly to Experiment 1.  
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Experiment 3: in vivo dosing assay using the best enzyme/host combination 
The lead candidate selected from Experiment 2 was B1; therefore this enzyme was used 
to design Experiment 3, a dosing experiment as the next step for proper phytase assessment.  The 
dosing experiment utilized four different enzyme concentrations (250, 500, 750, 1000 FTU/kg) 
along with standard diets (PC, NC, 3PC:1NC, 1PC:3NC) (Table 1).  Once again, feed 
manufacture and live bird study were conducted identically to that described previously in 
Experiment 1.     
Experiment 4: in vivo assay using incrementally increased pelleting temperatures   
 The final experiment incorporated data obtained from the previous 3 studies to assess the 
efficacy of the phytase in an animal model after pelleting.  The dose chosen from Experiment 3 
(750 FTU/kg) was utilized in feed manufactured similarly to that described in the in vitro 
retention assay section of Experiment 1.  Four of the eight experimental treatments utilized 
NC+B1 pelleted at either 75°C, 85°C, 90°C, and one treatment included the enzyme but was kept 
assayed in mash (unprocessed) for a control; the other four treatments consisted of the standard 
diets utilized in previous experiments.  All pelleted diets were ground via a roller mill prior to 
feeding birds to eliminate feed form effects.  Bird performance and statistical analysis were 
conducted identically to Experiment 1. 
 
RESULTS AND DISCUSSION 
Experiment 1: in vivo assays using lead candidates in mash feed 
Four novel phytase enzymes were selected for testing in this experiment to assess 
phytases in vivo using mash feed and comparing these data to measures of in vitro activity.  
Results for live bird performance are shown in Table 4.  The in vitro activity results are shown in 
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Table 2 and demonstrate that: 1) diets were properly mixed and 2) phytase inclusion was 
successful in meeting the target inclusion rate of approximately 500 FTU/kg.  The results from in 
vitro testing of enzymes A – D in pelleted feed are shown in Figure 1. 
Beginning pen weight was taken on d3 and no significant differences were detected. The 
3-21d experimental period demonstrated significant differences for LWG (P < 0.0001), FCR (P < 
0.001), FI (P < 0.0001), TA% (P < 0.01), and TA mg/chick (P < 0.0001) among broilers fed the 
PC and NC formulations.  In addition, these data showed that birds fed any of the four enzyme 
variants performed similarly as birds fed PC (P > 0.05), and all treatments were found to be 
significantly different from the NC (Table 4).  A linear and quadratic regression of the standard 
curve was performed to calculate sparing effects; the quadratic was found to be significant and 
R
2
 values for all variables measured were higher, signifying that a quadratic fit was the superior 
model for the data.  Therefore, nPP sparing for the quadratic regression were calculated and 
shown in Table 5.  The highest nPP sparing associated with LWG, TA%, and TA mg/chick were 
produced by Enzyme C sparing between 0.14 – 0.19% of nPP. 
Phytase retention results determined from in vitro testing of enzymes A – D is shown in 
Figure 1.  The ambient temperature was 27.7°C.  When feed was pelleted at 75°C, phytase 
retention was determined to be between 50 – 70%, with enzyme B demonstrating the 
best retention.  As pelleting temperature increased, retention for all enzyme variants decreased; 
at the highest pelleting temperature recorded, 93°C, all variants demonstrated between 4 – 11% 
retention.  Three of the enzymes (A, C, D) performed the best at the lowest pelleting temperature 
recorded, 75°C.  Enzyme B did not begin to demonstrate decreased retention until pelleting 
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temperatures reached 85°C and retained the highest efficacy at 93°C, 11%.  Feed manufacture 
was not replicated; therefore, results should be interpreted as descriptive data. 
Treatments NC+B and NC+C demonstrated the best values for FI, LWG, TA% and the 
greatest P sparing for these variables.  NC+B and NC+C also demonstrated the highest enzyme 
retention post pelleting as determined from in vitro testing.  Therefore, these two enzymes were 
chosen for further testing. 
Experiment 2: Optimization of enzyme production based on a specific expression host 
Determining phytase efficacy in mash feed is a necessary first step for testing a phytase 
for commercial potential; however, additional factors are important.  One such factor is the 
expression host organism; host organisms can affect enzyme efficacy by affecting pH optimum 
and sterospecificity of phytase hydrolysis (3- or 6-phytase) [31].  Therefore, a yeast and bacteria 
were tested to determine the optimal host for expression of the experimental phytases in 
Experiment 2.  Once again, methodology used in Experiment 1 was utilized to test in vitro 
activity of mash feed (Table 2) and corresponding post pelleting in vitro retention incorporating 
the same enzyme variants (Figure 2).  
Results of live bird performance for this expression host testing are shown in Table 6.  
No statistical difference was observed for D3 starting pen weights.  The 3-21d experimental 
period demonstrated that significant differences were detected for FI (P = 0.0174), LWG (P = 
0.0059), TA% (P < 0.0001), and TA mg/chick (P < 0.0001).  The PC was found to be 
significantly different from the NC.  For FI, LWG, and FCR all of the enzyme treatments were 
statistically similar to the PC.  The PC and 3PC:1NC were statistically similar for TA%, all 
enzyme treatments were statistically similar to the 1PC:3NC; NC+C and NC+C1 was similar to 
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both the 3PC:1NC and 1PC:3NC.  The PC, 3PC:1NC, 1PC:3NC were statistically similar for TA 
mg/chick. The enzyme treatment NC+B was statistically similar to all other treatments except the 
PC, 3PC:1NC, and NC.  The NC+B1 and NC+C1 enzyme treatments were similar to all 
treatments except the NC and 3PC:1NC.  A linear and quadratic regression of the standard curve 
was performed to obtain nPP sparing for the enzyme treatments (Table 7).  Linear regression was 
found to be significant for LWG and TA mg/chick.  Enzyme C produced the highest nPP sparing 
for LWG and TA mg/chick, 0.10 and 0.08%, respectively.  Quadratic regression was found to be 
significant for TA%, with Enzyme B demonstrating the largest nPP sparing, 0.05%. 
Phytase retention results determined from post pelleting in vitro testing of enzymes B, C, 
B1, and C1 is shown in Figure 2.  The ambient temperature was 28.8°C.  All 4 enzymes 
demonstrated the highest retention, between 60 – 72%, when feed was pelleted at 75°C and 
decreased as conditioning temperature increased.  At 80°C conditioning temperature, enzyme 
variants retained similar efficacy as 75°C, around 60 – 70%; when conditioning temperature 
increased to 85°C efficacy decreased by as much as 30% in the case of enzyme C1; at the highest 
temperature, 93°C, phytase retention for all enzyme variants were determined to be 14% or 
lower.  Feed manufacture was not replicated; therefore, results should be interpreted as 
descriptive data. However,  phytase enzymes used in this experiment as well as Experiment 1 
showed higher retained in vitro activity  compared to past research using enzymes exposed to 
similar conditioning temperatures.  In one study, phytases demonstrated decreased efficacy at 
55°C and 60°C [32, 33]; in another study phytases tested at  conditioning temperatures of 75°C 
lost most of their efficacy [33, 35].   Two additional studies reported enzyme efficacy loss at 
conditioning temperatures of 70°C [36, 37]. 
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From this data, NC+B1 was chosen for testing in Experiment 3.  This enzyme was chosen 
because it performed similar to the PC for FI, FCR, and TA% and also demonstrated some of the 
highest P sparing for LWG, TA%, and TA mg/chick.  
Experiment 3: in vivo dosing assay using the best enzyme/host combination 
From the previous experiment, a bacteria was determined to be the best host for 
production of the enzyme.  This led to the current experiment assessing the relationship between 
in vivo performance and in vitro activity assays.  This is a valuable experiment to perform 
because a wide variation in recommended dosage for similar P release has been reported among 
commercially available phytases.  For example, 1,850 FTU/kg of P. lycii-derived phytase [38] 
has been recommended to replace 0.1% available P [39].  Alternatively, it has been demonstrated 
that 250 FTU/kg of an E. coli-derived phytase [40], can effectively replace 0.13% available P in 
swine diets, while a different another E.coli-derived phytase [41], requires 500 FTU/kg to 
replace 0.12% available P [42].   
In Experiment 3, a theoretical dosage range from 250 – 1000 FTU/kg was utilized and 
analytical results are reported in Table 8 with corresponding post pellet in vitro activity results 
reported in Table 2.  Starting pen weights demonstrated no significant differences; however, 
differences were detected for FI (P < 0.0001), LWG (P < 0.0001), and FCR (P < 0.0001).  For 
FI, the PC, 3PC:1NC, NC+B1 (750 FTU/kg) and NC+ B1 (1000 FTU/kg) treatments performed 
the best, with the NC performing the worst.  PC, 3PC:1NC, NC+B1 (500 FTU/kg), NC+B1 (750 
FTU/kg), and NC+B1 (1000 FTU/kg) were statistically similar for LWG; all treatments were 
statistically different from the NC for FCR.  The PC, 3PC:1NC, NC+B1 (750 FTU/kg), and 
NC+B1 (1000 FTU/kg) demonstrated similar TA%; when the TA mg/chick was determined, 
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there was a step-wise progression, where mg/chick increased as the enzyme dose increased.  
Once again, a linear and quadratic regression on the standard curve was performed to obtain 
sparing effects for the enzyme treatments (Table 9).  In this experiment, all variables were found 
to be significant for the quadratic regression with corresponding high R
2
 values.  Chicks fed the 
NC+B1 (1000 FTU/kg) diet produced the largest nPP sparing for LWG, FI, FCR, TA%, and TA 
mg/chick.  These nPP sparing effects ranged from 0.04 to 0.20% of nPP.  The chicks fed the 
NC+B1 (750 FTU/kg) diet produced the next highest nPP sparing for all variables measured, 
ranging from 0.04 to 0.14% of nPP.  
From this data, a dose of 750 FTU/kg was chosen as the goal dose for the next 
experiment.  This dose was chosen because with the exception of TA mg/chick measure, birds 
fed this treatment performed similarly to NC+B1 (1000 FTU/kg) fed birds.  In addition, the 
authors felt that an enzyme concentration of 1000 FTU/kg may be too high to demonstrate 
sensitivity to thermal denaturation associated with pelleting.  Therefore, 750 FTU/kg was chosen 
as the goal enzyme concentration.   
Experiment 4: in vivo assay using incrementally increased pelleting temperatures   
Using in vivo data collected in Experiment 3 and post pelleted in vitro retention data 
from Experiments 1 and 2, the most successful dose and three most crucial pelleting 
temperatures were determined and used for Experiment 4.  This experiment was important due to 
the fact that high enzyme retention post pelleting determined in vitro may not translate to high 
efficacy in vivo [43].   Most past research has viewed in vitro post pellet activity and in vivo 
pelleted phytase efficacy as separate experiments; demonstrating high activity in vitro post 
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pelleting without correlating in vivo testing of efficacy [44] or in vivo testing of efficacy using 
mash without corresponding in vitro post pelleting activity [45].  
 The data generated from the in vivo testing is reported in Table 10 and in vitro post 
pelleted activity is reported in Table 3.  Significant differences were detected for feed intake (P < 
0.0001), LWG (P < 0.0001), FCR (P < 0.0001), TA% (P < 0.0001), and TA mg/chick (P < 
0.0001).  Birds fed the NC+B1 pelleted at 85°C and 90°C demonstrated the highest values for FI.  
NC+B1 pelleted at 85°C demonstrated the greatest LWG.  The NC demonstrated the worst FCR, 
while the NC+B1 mash demonstrated the best FCR compared to the other enzyme treatments.   
The PC, 3PC:1NC, and NC+B1 in mash demonstrated the highest TA% and mg/chick values; 
NC+B1 pelleted at 85°C and 90°C were statistically similar to NC (P > 0.05).  Birds fed 
treatments that were conditioned at high temperatures demonstrated larger LWG and lowered 
FCR, TA data suggests that birds fed these diets were unable to utilize the phosphorus in their 
diets, as shown by the lower TA measurements.  
A linear and quadratic regression of the standard curve was performed to obtain nPP 
sparing for the enzyme treatments and the quadratic regression was found to be the best fit 
model.  The nPP sparing is shown in Table 11.  Birds fed diets pelleted at 75°C produced the 
highest sparing effects for LWG and FI (0.12 and 0.06% of nPP, respectively).  Birds fed 
NC+B1 in mash diets at the same enzyme concentration demonstrated higher nPP sparing for 
FCR, TA%, and TA mg/chick than birds fed any of the pelleted diets (0.11 – 0.12% of nPP).  
These data suggest that any heat treatment (as low as 75°C) can be detrimental to this particular 
phytase enzyme.  Further production modifications are necessary to maximize this enzymes 
thermal stability prior to field testing.       
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CONCLUSIONS AND APPLICATIONS 
1) This study outlines some of the many factors that must be considered prior to 
commercializing a phytase enzyme, including: using mash feed, expression host, dosing 
assay,  using pelleted feed, determining in vitro post pelleting activity and retention.  All 
of these factors affected the phytases used in these experiments.   
2) No clear phytase candidate has been chosen; more research needs to be conducted and 
includes: testing the enzyme carrier and properties of the carrier (carrier granule particle 
size), and continuing in vitro retention assays and in vivo animal experiments to 
determine how phytases function under the conditions associated with pelleting.  
3) Both in vitro post pellet activity and in vivo testing of phytases must be considered to 
properly determine the enzyme that best performs under the aforementioned factors and 
can be targeted for commercialization.  
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Table 1. Diet formulations for positive and negative control diets 
Ingredients Positive control Negative control 
  % Inclusion 
Corn 53.19 53.12 
Soybean meal (48%) 35.29 35.38 
Corn DDGS 5.00 5.00 
Soybean oil 3.00 3.00 
Tricalcium phosphate 1.74 0.63 
Limestone 0.68 1.64 
DL-methionine 0.29 0.29 
Vitamin mineral premix
1
 0.25 0.25 
Lysine 0.13 0.13 
Salt 0.2 0.33 
Threonine 0.11 0.11 
Coban 60
2
 0.08 0.08 
BMD
3
 0.05 0.05 
Calculated Nutrients 
ME (kcal/kg) 3030.5 3030.5 
Crude protein (%) 23.48 23.51 
Lysine (%) 1.18 1.18 
Methionine + cystine (%) 0.89 0.89 
Threonine (%) 0.75 0.75 
Calcium (%) 0.91 0.91 
Non-phytate phosphorus (%) 0.45 0.25 
Sodium (%) 0.20 0.20 
Analyzed Nutrients 
Crude Protein (%) 21.80 21.80 
Calcium (%) 0.86 0.87 
Non-phytate phosphorus (%) 0.42 0.25 
A             
             
             
            
1Supplied per kg of diet: manganese, 0.02%; zinc 0.02%; iron, 0.01%; copper, 0.0025%; iodine, 0.0003%; selenium, 0.00003%; folic acid, 
0.69mg; choline, 386mg’ riboflavin, 6.61mg; biotin, 0.03mg; vitamin B6, 1.38mg; niacin, 27.56mg; pantothenic acid, 6.61mg; thiamine, 
2.20mg; manadione, 0.83mg; vitamin B12, 0.01mg; vitamin E, 16.53 IU; vitamin D3, 2133 ICU; vitamin A, 7716 IU.  
 
2Active drug ingredient Monensin Sodium 60 gpb (90 g/ton inclusion), Elanco Animal Health, Indianapolis, IN. As an aid in the prevention 
of coccidiosis caused by Eimerianecarix, Eimeriatenella, Eimeriaacervulina, Eimeria brunette, Eimeriamivati, and Eimeria maxima. 
 




Table 2. Phytase activity for Experiments 1, 2, 31 using the AOAC 2000.12 method 1 
Treatment  Phytase Activity (FTU/kg) 












(goal enzyme concentration = 250 FTU/kg) 
280 
NC+B1  
(goal enzyme concentration = 500 FTU/kg) 
380 
NC+B1  
(goal enzyme concentration = 750 FTU/kg) 
620 
NC+B1 






1Experiment 2: in vivo assay utilizing mash feed. Experiment 3: optimized phytase production based on specific expression host. Experiment 4: in vivo dosing assay 
using the best enzyme/host combination. 
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Table 3. Phytase activity1 and retention for Experiment 4: in vivo assay using increasing pelleting temperature. 6 










NC+B1 75 600 410 68.33 
NC+B1 85 660 430 65.15 
NC+B1 90 750 150 20.00 


















1Phytase activity was determined using the AOAC 2000.12 method. 
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0.5927 < 0.0001 < 0.0001 < 0.0001 < 0.0001  < 0.0001 0.0116 
SEM
6










1Treatments 0.20, 0.24, 0.37, 0.41 describes the calculated non-phytate phosphorus percentage.  Enzyme A – D are lead phytase candidates chosen from Experiment 1: in vitro activity. 
2
Starting pen weight based on 8 birds per pen 
3
Feed Conversion Ratio (Feed:Gain) was calculated using mortality weight 
4
Live Weight Gain 
5
Non-phytate phosphorus is calculated by total phosphorus – (0.282 X phytic acid) 
6Standard Error of the Mean 
7Fisher’s Least Significant Difference 
a-d Means within a column not sharing a common superscript differ (P< 0.05)  
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Table 5. Experiment 1: in vivo assay utilizing mash feed.  Sparing effects calculated from the standard quadratic 30 










































NC+A 0.29 0.09 0.31 0.11 0.20 0.00 0.26 0.06 
NC+B 0.34 0.14 0.33 0.13 0.25 0.05 0.33 0.13 
NC+C 0.39 0.19 0.34 0.14 0.38 0.18 0.36 0.16 
NC+D 0.29 0.09 0.30 0.10 0.36 0.16 0.30 0.10 
1Enzymes A – D are lead phytase candidates chosen for testing. 32 
2Calculated nPP values derived from the quadratic regression of LWG percent for the standard curve 33 
 [      √       (     )(         )]   (     ) = calc. nPP, R2=0.48 34 
3
Sparing effect based on tricalcium phosphate 35 
4Calculated nPP values derived from the quadratic regression of FCR percent for the standard curve 36 
 [      √         (     )(        )]   (     ) = calc. nPP, R2=0.57 37 
5Calculated nPP values derived from the quadratic regression of Tibia Ash % percent for the standard curve 38 
 [        √         (       )(                        )]   (       ) = calc. nPP, R2=0.51 39 
6Calculated nPP values derived from the quadratic regression of Tibia Ash mg/chick percent for the standard curve 40 
 [         √          (        ) (                 
  
     






























































































































0.3782 0.0174 0.8179 0.0059 0.2427  < 0.0001  < 0.0001 
SEM
6 0.0002 0.1676 0.0383 0.0117 2.0999 16.0265 0.6015 
Fisher’s LSD
7 ----------- 0.4762 ----------- 0.0334 --------- 45.547 1.7095 
 47 1Treatments 0.28, 0.33, 0.41, 0.43 describes the calculated non-phytate phosphorus percentage. Enzyme B, C, B1, C1 are phytase candidates expressed in a bacteria or yeast host. 
2
Starting pen weight based on 8 birds per pen 
3
Feed Conversion Ratio (Feed:Gain) was calculated using mortality weight 
4
Live Weight Gain 
5
Non-phytate phosphorus is calculated by total phosphorus – (0.282 X phytic acid) 
6Standard Error of the Mean 
7Fisher’s Least Significant Difference 




Table 7. Experiment 2: Optimized phytase production based on specific expression host. Sparing effects calculated 48 





































NC+B 0.37 0.08 0.36 0.07 0.33 0.05 
NC+C 0.39 0.10 0.36 0.08 0.31 0.03 
NC+B1 0.37 0.08 0.36 0.08 0.33 0.04 





1 Enzyme B, C, B1, C1 are phytase candidates expressed in a bacteria or yeast host. 
2Calculated nPP values derived from the linear regression of LWG for the standard curve (LWG – 0.29)/0.37 = calc. nPP, R2=0.30 
3
Sparing effect based on tricalcium phosphate 
4Calculated nPP values derived from the linear regression of Tibia Ash (mg/chick) for the standard curve (Tibia Ash (mg/chick) – 178.77)/940.25 = calc. nPP, R2=0.57 
5Calculated nPP values derived from the quadratic regression of Tibia Ash percent for the standard curve  




Table 8. Experiment 3: The effect of enzyme dosing levels on the best phytase enzyme/host combination measured 54 
through live bird performance 55 
Treatment
1 




















































































































































0.4123 < 0.0001 < 0.0001 < 0.0001 0.0022 < 0.0001 < 0.0001 
SEM




------- 0.2914 0.0900 0.0398 6.65 45.839 1.4792 
 56 1Treatments 0.28, 0.33, 0.41, 0.43 describes the calculated non-phytate phosphorus percentage. Enzyme B1 was the chosen enzyme/host combination from Experiment 3. 
Goal enzyme concentration for each treatment was 250, 500, 750, or 1000 FTU/kg. 
2
Starting pen weight based on 8 birds per pen 
3
Feed Conversion Ratio (Feed:Gain) was calculated using mortality weight 
4
Live Weight Gain 
5
Non-phytate phosphorus is calculated by total phosphorus – (0.282 X phytic acid) 
5Standard Error of the Mean 
7Fisher’s Least Significant Difference 




Table 9.  Experiment 3: in vivo dosing assay using the best enzyme/host combination chosen from Experiment 3. 57 






















































































































































1Enzyme C1 was the chosen enzyme/host combination from Experiment 3 59 
1Calculated nPP values derived from the quadratic regression of LWG percent for the standard curve 60 
 [        √         (       )(         )]   (       ) = calc. nPP, R2=0.76 61 
2
Sparing effect based on tricalcium phosphate 62 
3Calculated nPP values derived from the quadratic regression of Pen Feed Intake percent for the standard curve 63 
 [       √        (       )(          )]   (     ) = calc. nPP, R2=0.85 64 
4Calculated nPP values derived from the quadratic regression of FCR percent for the standard curve 65 
 [      √         (     )(        )]   (     ) = calc. nPP, R2=0.55 66 
5Calculated nPP values derived from the quadratic regression of Tibia Ash % percent for the standard curve 67 
 [        √         (       )(                        )]   (       ) = calc. nPP, R2=0.51 68 
6Calculated nPP values derived from the quadratic regression of Tibia Ash mg/chick percent for the standard curve 69 
 [         √          (         ) (                  
  
     
)]   (         ) = calc. nPP, R2=0.79 70 
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0.4417 < 0.0001 < 0.0001 < 0.0001 0.9000 
< 0.0001 < 0.0001 
SEM









1Treatments 0.28, 0.33, 0.41, 0.43 describes the calculated non-phytate phosphorus percentage. Enzyme C1 was chosen to be included in diets at 750 FTU/kg based on results 
from Experiment 4; the enzymes were pelleted at 75°C, 85°C, 90°C. One treatment was not pelleted to be used as a control. 
2
Starting pen weight based on 8 birds per pen 
3
Feed Conversion Ratio (Feed:Gain) was calculated using mortality weight 
4
Live Weight Gain 
5
Non-phytate phosphorus is calculated by total phosphorus – (0.282 X phytic acid) 
6Standard Error of the Mean 
7Fisher’s Least Significant Difference 




Table 11. Experiment 4: in vivo assay using increasing pelleting temperature.  Sparing Effects calculated from standard 75 






























































NC+B1 - 75°C 
0.36 0.12 0.30 0.06 0.32 0.08 0.28 0.04 0.29 0.05 
 NC+B1 - 85°C 
0.33 0.09 0.26 0.02 0.28 0.04 0.22 0.00 0.25 0.01 
NC+B1 - 90°C 
0.36 0.12 0.27 0.03 0.28 0.04 0.24 0.00 0.24 0.00 
NC+B1 - Mash 
0.34 0.10 0.29 0.05 0.35 0.11 0.36 0.12 0.35 0.11 
1 Enzyme C1 was chosen to be included in diets at 750 FTU/kg based on results from Experiment 4; the enzymes was pelleted at 75°C, 85°C, 90°C. One treatment was not pelleted 77 
to be used as a control. 78 
2Calculated nPP values derived from the quadratic regression of LWG percent for the standard curve 79 
 [        √         (       )(          )]   (       ) = calc. nPP, R2=0.86 80 
3
Sparing effect based on tricalcium phosphate 81 
4Calculated nPP values derived from the quadratic regression of Pen Feed Intake percent for the standard curve 82 
 [       √        (       )(          )]   (       ) = calc. nPP, R2=0.89 83 
5Calculated nPP values derived from the quadratic regression of FCR percent for the standard curve 84 
 [      √         (     )(        )]   (     ) = calc. nPP, R2=0.59 85 
6Calculated nPP values derived from the quadratic regression of Tibia Ash Percent for the standard curve 86 
 [        √         (       )(                        )]   (       ) = calc. nPP, R2=0.5105 87 
7Calculated nPP values derived from the quadratic regression of Tibia Ash mg/chick percent for the standard curve 88 
 [         √          (         )(                          )]  (         ) = calc. nPP, R2=0.7972 89 
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Figure 1. In vitro phytase retention of pellets conditioned at 75, 80, 85, 88, 90, 93°C containing enzymes A – D (utilized 90 



































Figure 2. In vitro phytase retention of pellets conditioned at 75, 80, 85, 88, 90, 93°C containing enzymes B, C, B1, C1 93 
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 Door greeter 199 
 Help collect offerings 200 
 Occasional participate in choral activities 201 
 202 
West Virginia Department of Highways     2007 - 2010 203 
 Temporary/summer employment 204 
 Main flagger for both primary and secondary road crews 205 
 Animal removal from highway 206 
 Assisted with various office tasks, including payroll, entrance permits, and employee records 207 
 Assisted with fiscal year-end inventory 208 
 209 
Veterinary Hospital Volunteer       2003 – 2009 210 
 Assisted with various surgeries 211 
 Filled prescriptions 212 
 Ran fecal analysis 213 




 Proficient in Window’s Microsoft Programs 218 
 Internet Literate 219 
 Poultry Handling, Judging, and Husbandry 220 
48 
 
 Feed Manufacture and Diet Formulation 221 
 Precision-feeding 222 
 Cecectomy Surgery 223 
 Tibia and Ileum Extraction 224 
 Experience with Brookfield Viscometer 225 
 Experience with R statistical program and SAS 226 
 Agricultural/Animal specific courses taken: 227 
 -Animal Nutrition 260 & 360             -Poultry Production 367& Lab 369 228 
-Animal Nutrition 362               -Poultry Judging 338 229 
 -Environmental Microbiology 341              -Veterinary Anatomy 401 230 
 - Companion Animal Science 275               -Alpaca Production 273 231 
        -Growth/Lactation Physiology 400              -Animal Physiology 301 232 
        -Behavior Patterns of Animals 480              -Reproductive Physiology 424 233 
        -Introduction to Genetics 371                       -Biochemistry 410 234 
 235 
 236 
Graduate Courses: 237 
 -Applied Water Microbiology 508             -Statistics 511,512,513 238 
 -Animal Biotechnology 514             -Food Microbiology 545 239 
-General Biochemistry 610              -Nutritional Biochemistry 512 240 
-Nutritional Graduate Seminar 696 241 
 242 
 243 
